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Abstract 


Many software packages are available for’ design of mechanisms. Using 
computers, a designer can solve complex and practical problems rapidly and at the same 
time also test a vast spectrum of alternatives. 

The main objective of the present thesis is to develop a software package for 
solving the problems on kinematic analysis, dynamic force analysis, dynamic motion 
analysis without friction and with friction of 4R, 3R-1P and 2R-2P mechanisms and 
balancing of 4R mechanism. The software informs the user the kind of problem it can 
handle, asks for input data, obtains the solution of the given problem. Computer programs 
have been developed using ‘C’ language. 
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Chapter 1 
Introduction 


1.1 Introduction 

Mechanisms have been and continue to be the basis of all machines. Simple 
machines, used since ancient limes, are generally operated by cither human or animal 
power. Some examples are a lever, a windlass, a screw, a wedge, and a pulley, and these 
are usually used to move large weights for building structures, for transporting water over 
small heiglits in irrigation systems or for military purposes in the throwing machines to 
toss projectiles of different kinds [I j. 

The study of mechanism involves their analysis as well as synthesis. Analysis is 
the study of motions and forces concerning different parts of an existing mechanism 
while synthesis involves the design of the different parts. In a mechanism, the various 
parts are so proportioned and related that the motion of one imparts requisite motions to 
the others and the parts are able to withstand the forces impressed upon them. 

Analysis of mechanism involves kinematic and dynamic analysis. Kinematic 
analysis of a mechanism includes the determination of the position of all its driven 
members, the determination of linear and angular velocities and accelerations of these 
members as well as the investigation of motion of important points of this mechanism. 
Dynamic analysis of a mechanism includes force analysis and motion analysis. In 
dynamic force analysis, the motions of the driving members are given and our task is to 
determine the reaction forces in all kinematic pairs and the driving turning moment, 
whereas, in dynamic motion analysis, the acceleration behaviour of each member of a 
mechanism is to be determined for the prescribed input force and moment and 
instantaneous velocities. 
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Dv'iKiniic lorccs ;irc associutccl witli ;u‘t‘t.‘Icr;Miny iiuisscs. As nil innchiiics have 
some accelerating parts, dynamic forces arc always present when the machine is in 
operation. In situations where dynamic forces arc dominant or comparable with 
magnitudes of e.xternal forces and operating speeds are high, dynamic analysis has to be 
carried out. The dynamic analysis of mechanisms is of fundamental importance for the 


design of large variety of mechanical systems used widely in industrial society; textile 
machinery, printing machineries, agricultural and public works machinery, suspensions 
etc. The analysis makes it possible to determine input forces, reactions in the pairs, 
tensions in the links, and also the temporal evolution of the position of the machine in 
function of the applied forces and the inertial characteristics of its links. 

The 195(!s saw the introduction of digital computers, fhe advent of computers in 
the field of engineering revolutionized the mechanism design. 1'he speed and 
computational capabilities of computers rendered complex design calculations feasible 
and economical. One of the early conti ibulions which used the computer for linkage 
synthesis and analysis was that of Freudenstein and Sandor. The graphical-based 
techniques suggested by Burmesler in 1876 w'cre reformulated Ibr computer solution. 
This work formed fhe technical basis for the KINSYN and LlNCAtibS codes, which 
emerged in the 1970s. 

The early 1970s saw a spurt in applications of the computer. Codes such as IMP, 
developed by Sheth and J. Dicker at the University of Wisconsin, and DRAM and 
ADAMS, developed at the University of Michigan by D. Smith, N. Orlandea and M. 
Chace, had early roots in this decade [2]. 

During the last 30 years, many packages have been developed for mechanism 
design. Commercially available packages for analysis and synthesis of mechanisms are 
IMP-UM, MCADA, DADS, MEDUSA, VECNET, DYMAC and many others. 


1 .2 Objectives and Scope of the Present Work 

The objective of this work is to develop a computer soltware, which can solve the 
problems on kinematic analysi.s, dynamic force and motion analysis of 4R, 3R-I P, 2R-2P 
mechanisms and balancing of 4R mechanism. ' 



In chapter 2, a 4R mechanism is considered. 'I'he kinematic analysis, dynamic 
force analysts, dynamic motion analysis without friction and balancing of this mechanism 
are discussed. Numerical example and results are given at the end of the chapter. 

In chapter 3, a 3R-1P mechanism is considered. I he kinematic analysis, dynamic 
force analysis, dynamic motion analysis without friction and with friction of this 
mechanism are discussed. Numerical example and results are included at the end of the 
chapter. 

In chapter 4, a 2R-2P mechanism is considered. The kinematic analysis and 
dynamic force analysis of a generalised 2R-2P mechanism and Scotch-Yoke mechanism, 
dynamic motion analysis without friction and with friction of a generalised 2R-2P 
mechanism are discussed. Numerical example and re.sults are also given at the end of the 
chapter. ■ 

The main conclusion of the present work is summarized in chapter 5. Some 
directions for future work are also mentioned therein. ■ 

To meet the computational requirements, ‘C’ language on Unix platfonn was 
selected as the programming language. 

The development of the package and hence the thesis has been done with the aim 
that the computer should accept performance specifications of the linkage in the user’s 
tenns. The package should be useful in both academic institutions and industry. This 
package will supplement an earlier package developed at I. I. T. Kanpur for kinematic 
synthesis of planar four and six-link mechanisms. 
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Chapter 2 

4R Mechanism 


2.1 Introduction 

A 4R mechanism is the most fundamental of the plane kinematic linkages. It is a 
much preferred mechanical device for the mechanization and control of motion due to its 
simplicity and versatility. Basically it consists of four rigid links which are connected in 
the form of a quadrilateral by four pin-joints. A link that makes complete revolutions is 
the crank, the link opposite to the fixed link is the coupler and the fourth link a lever or 
rocker if oscillates or an another crank, if rotates[3]. 

The crank-rocker mechanism, with properly adjusted links, is used as part of the 
feed mechanism of shaping machines; the double-crank mechanism, with opposite links 
equal in length, appears in rope-making machinery and is also used in the coupling of 
locomotive wheels; and the double-rocker mechanism, with equal rockers, is employed in 
the steering linkage of automobiles [4]. 

In this chapter we are going to discuss the dynamic force and motion analysis of 
4R mechanism and force and shaking moment balancing. In dynamic force analysis we 
calculate the forces.on various members of a mechanism for a known input motion which 
is usually determined by experimentation or analytical prediction based on kinematic 
analysis 'whextus iox dynamic motion analysis we calculate the accelerations of various 
links of a mechanism for a given forces on the mechanism [5], In balancing we calculate 
the counterweights for force balance and moment of inertia of counterweight for shaking 
moment balance [6]. 

i ’ ' 
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2.2 Kinematic Analysis 

A 4R mechanism for kinematic analysis is shown in fig 2.2.1. Link 2 (O 2 A) is 
the input crank, link 3 ( AB) is the coupler and link 4 (O4B) is the ibilovver (5 1. 



Figure 2.2.1 : Kinematic Analysis of a 4R Mechanism 


Using the symbols explained in fig. 2.2.1, 

The governing loop-closure equation is, 

/" +/’+/; =4 ( 2 . 2 . 1 ) 

or /| + /^ + /j — (2 ~ 0 

or -l^e'^r = 0 . ■ 

Equating the real and imaginary parts of the above equation separately to zero, we get, 

/, + /4 COSO4 + /-, cosO, - cost), - 0 

and /4sin04 -h/iSinOj -/jSinOj =^- 
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From the above equatioiis, we get. 


0 ^ = 2 tan'' 


a±Mi^ +h- -c^ 


7^ 


h + c 


^a + Ta^+lr-c'^- 
b + c 


and 03 =2 tan' 


where. 


= sin02,6 = COS0, - — 

A 


c = - 


'k- 

\hj 


COS0, 


2/3/4 y 


and c' = - 


f /,1 


( 1 ; +/,- 

I 

COS0, + 

1 2 3 4 

UJ 

z 

^ 2 / 2/3 ^ 


Differentiating equations (2.2.2) and (2.2.3) w. r. t. time, we get, 

C/« \ 

/4sin(04 - 03) " 


, /,sin( 0 , - 04 ),; 

and 0, -{0, . 

^ /3sin(03-04) ^ 


Again differentiating equations (2.2.4) and (2.2.5) w. r. t. time, we get, 
/,0, sin ($2 ~6j)+ I 2 B 2 cos(02 ~ 03 ) ~ ~ cos(04 — 6 ^ ) 


04 = 


and 03 = 


/4sin(04-03) ■ 

/202Sin(02 -04)+/202'cOs(02 -e4)-/404^ - /303- COs(03 -04) 
/3sin(03 - 04) 


(2.2.1) 

( 2 . 2 . 2 ) 


(2.2.3) 

(2.2.4) 

(2.2.5) 

( 2 . 2 . 6 ) 
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2.3 Dynamic Force Analysis 

In dynamic force analysis, the motion is usually known either by experimentation 
or analytical predictions based on kinematic analysis, the driving torque and the reactions 
in various hinges and determined. Figure 2.3.1 shows a 

4R meehanism [5]. The kinematic pairs are assumed to be frictionless. 



Figure 2.3.1 : Dynamic Force Analysis ol'a 4R Mechanism 

In fig.2.3.1, 

/«^. = mass of they-th link where/ = 2,3,4- 

6’/ = location of the C.G. of they-th link. 

d . = distance of G/ from a kinematic pair as indicated in Fig. 2.3.1. 

F. = external force acting on the y-th link at an angle of /3,. to the JF-axis at a 

point with local coordination (t/y .V/ ). 

F . f = X-componmt of Fj. 
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Fy ,. = F-componentofF; 

A/ y = external niomcnl on /-th link. 

Fa'. V = force exerted at the hinge K in the x-direction where F = B, A 
Fa;,. = force exerted at the hinge F in the ^’-direction. 

A:/ = centroidal radius of gyration of the /-th link. 

= force exerted on the /-th link by the i-th link in the x-direction where 

/ =1,2,3, 4- 

/f ,, = force exerted on the /-th link by the i-th link in the v-direction. 

The dynamic equations for each link can be obtained as discussed below : - 

ICrank:- 

Refer to fig.2.3.2 as the free-body-diagram of the crank, 
with /= 1,3 ,./ = 2,F = 02, A. 



Figure 2.3.2 : Free-Body-Diagram of the Crank for Force Analysis. 
From fig. 2.3.2, 

,X2 = t/, siny,sin02 +(/, 
and V, =(/, - g,)sin0, -c/, siny^cosS, . 
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Eqiialions ofinolion for Ihc crank arc. 



Figure 2.3.3 : Diagram of the Crank for Acceleration Analysis 


(2.3.1) 


Various components of acceleration of G 2 are explained in fig. 2.3.3 and the 
superscripts n, l refer to normal and tangential components, respectively. 


From fig. 2.3.3, 


^h,-2,.v = cos(0, + r 2 ) + sin(02 + 72 ) 

1 

(2.3.2) 

and r/,;,,,=«";ysin(O,+y2)”<^43^‘^^0-^2'’'72)- 

(2.3.3) 

where r/'p = <:/,(),% a[; 2 =(l 2 & 2 ' 



Using equations (2.3.2) and (2.3. 3)v the right hand side ofequation (2.3.1) turns out as. 
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d^B"; cos(0, +X 2 ) 


d^_ sin(02 +X 2 ) 

0 

o' 

^2 

nij ^ 


> = ^ 

£/,0,‘ sin(0, +X 2 ) 

> + m2 

-d^ cos{0, +X 2 ) 

0 

0 

0 , 


9\y- 


0 


1 

0 

0 

. 


(2.3.4) 


2. Coupler- 

Refer to fig.2.3.4 as the free-body-diagram of the coupler, 
with / = 3 , AT = A, B. 





Figure 2.3.4 : Free-Body-Diagram of the Coupler for Force Analysis. 


From the fig 2.3.4, 

-Vj = f/, sin Xj sin(03 -k)+ { l^ - )cos(03 - n ) 
and y, = (/3 - g3 )sin (03 - tt ) - sin Xj cos(03 -Jt). 

Equations of motion for the coupler are. 
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A 


Figure 2.3.5 : Diagram of the Coupler for Acceleration Analysis 

Various components of acceleration of Gs are explained in fig. 2.3.5 
superscripts n, t refer to normal and tangential components, respectively. 

From the fig. 2.3.5, 

and + 

where, ^ = AO,' cos(0, +y,)+/,03sin(03 +y,) 
and a , ,, = /,0,‘ sin(03 +y3)-/30,cos(03 +y,) . 

v = '^".v .., cos(0, + - ;r)- sin{0, + y,v- TT 

and n,;, , ;sin(03+y3-;r) + a^^^^^^ 


(2.3.1) 


and the 

(2.3.2) 

(2.3.3) 


II 


<v,i • 

Using equations (2.3.6) and (2.3.7), the right hand side of equation (2.3.5) turns out as, 

"(73..V 1 ^2^2^ cos(6, + 72 ) + ^ 3^3 cos( 0 j + yj- 7 t) 

f^h\^h 73 .v /,02 sin(0, +7j)-(/30/sin(0, +73 -n ) ) 

0/7 J [ 0 

/3sin(02+7,) - J3 sin(03 +73 -;r) 0 0, 

+ /H3 -/, cos(0, +7,) -r/3 cos(03 +7, -;r) 0 ‘ 0 j> (2.3.1) 

0 A-; o\[6\ 

1 . Follower; - 

Refer to fig.2.3.6 as the free-body-diagram of the follower, 
with j -4 ,K = O4, B. 



Figure 2.3.1 : Free-Body-Diagram of the Follower for Force Analysis. 
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From 

fig. 

2 . 3 . 6 , 



A' 

= J4siny^sin0^ + - 

-g4)cos04 

and 


4 = (^4 - .^^4 )sin 04 - siny^ cosO^ . 

Equations of motion for the follower are. 

> 4 ,/ 


" -1 0 1 

0 

' ^ 4 ., 


0-1 0 

1 



_-.V 4 -V4 -^/4sin(04 

+ 74) f/ 4 cos( 04 +y 4 )_ 


_ 

^ P 1 






^rA r 


Pr.x 


(i4,x 


Pqa.x 

^ < 

1 

^h: 4 .y 

0X1 


/ 04 ..V. 


1. 4 4 J 



Figure 2.3.7 : Diagram of the Follower for Acceleration Analysis 

Various components of acceleration of are explained in fig. 2.3.7 
superscripts n, t refer to normal and tangential components, respectively. 

From the fig. 2.3.7, 

and ~ ^(14 - li.y • 


(2.3.1) 


and the 

(2.3.2) 

(2.3.3) 
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where. 


=^^:'cos(0, +y,) + //3sin{0, +Y^)+l^e;cos{e,+r,-n)+l,B^sm(f>,+Y, - k) 

and a = 1,6; sin(e 2 + 7 , ) - l^O, cos( 0 , + y, ) - Ijd^ sinfOj + 73 - tt ) + ij)^ cos( 0 , + y, - tt ) 
=4,bC0s{G, +yj+ 4 ,, 5 sin( 0 , +yj 
",,4 4 « sin(a, + y 3 ) - a[., „ cos( 0 , + y J . 

<,4fi=/4^4 > i>G4B=fA^4 ' 

Using equations ('2.3.10) and (2.3.1 1), the right hand side of equation (2.3.9) turns out as, 




Z,©,' cos(0, +7,)+ /jSf 005(63 +73 ~Tc)+ /(Oj 005(6^ +74) 

« 6 - 4 ,, 

> = 

1,62 sin{6, +Y2)~^i^i 810(63 +73 - 7 t)+ fJ6; sin(64 +74) 

e,kl 


0 



72sin(02 +7,) 

/3sin(63 + 73-;r) 

/4 8)0(64+74) ' 

62' 


+ m4 

-/, 005(62 +7,) 

/j 005(63+ 73 -:;r) 

005(64 +74) 


> (2.3.12) 


0 

^3^ 

0 




Combining all equations (2.3.1 ), (2.3.5) and (2.3.9) one can finally write, 


{F)+fo]<f}={//} ( 2 . 3 . 13 ) 

where , 
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But from equations ( 2 . 3 . 4 ), ( 2 . 3 . 8 ) and ( 2 . 3 . 12 ), 
(H)={ty)+[A]{ 0 '} 

where. 


( 2 . 3 . 14 ) 



dSl cos(02 +Y2) 
r/,6>2‘ sin(03 +Y2) 

0 

cos( 0 , + 72)+ cos( 0 , + 72 - TT ) 

/,£),■ sin( 0 , + 7, ) - sin(03 + 73 - ^ ) 

0 

AS," cos(03 +72)+ cos(03 + 73 - ;r ) -H cos(04 + 74 ) 

1^62 sin(02 +Y2)~h^l sin(03 +7, - 7 t)+ f^dl sin(04 + 74) > 

0 




z/2sin(02 +7,) 0 0 

m, -r/, cos(0, +7,) 0 0 

kl 0 0 

/2sin(0,+72) z/jSin(03 +73 -;r) O' 
fflj -/2cos(03 +7,) 4/3003(03+73-;;:) 0 

0 kl 0 _ 

/3sin(0, +7,) /3sin(03 + 73 -7r) /4sin(0^ +74) ' 

- /j cos {&2 +72) h cos(03 +Y 3 - 7 t) - /4 cos(04 + 74 ) 





From equation ( 2 . 3 . 13 ) we can evaluate the driving torque and the hinge reactions 
i.e , A/, and for the given motion and external forces. 
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2.4 Dynamic Motion Analysis 

In dynamic motion analysis, the acceleration behaviour of each member of 
a mechanism is to be detemiined for prescribed input force and moment and 
instantaneous velocity [5]. The Rate-of-change-of-cnerffy Method is used for the motion 
analysis. It is based directly on the instantaneous energy balance [7j. Figure 2.4.1 shows a 
4R mechanism. The kinematic pairs are assumed to be frictionless. 


Y 



Figure 2.4.1 : Dynamic Motion Analysis of a 4R Mechanism. 


lnfig.2.4.1, 

= mass of the y-th link where/ = 2,3,4. 

G,. = location of the C.G. of they-th link. 

d j = distance of G; from a kinematic pair as indicated in fig, 2.4.1 . 
M ^ = external moment on y-th link 
, IF/ = weight of they-th link. 
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kj = centroidal radius of gyration ofthe/-th link. 
The total K.E. ofa mechanism can be expressed as. 


T = • 


(2.4.1) 


where, r, 5 , and/ refer to rotating, sliding, and floating links; Jo is the moment of inertia 
of a rotating link about an axis passing through the hinge; Fo the velocity of the C.G. of a 
floating link; and the moment of inertia of the floating link about the axis passing 
through the C.G [5], 


T/ie time rate of change of the total kinetic energy’ of the mechanism is equal to 
the power input of the force system acting on it [7]. ' 


It is expressed mathematically by. 


JY ' f f 


(2.4.2) 


where, (a a), is the tangential component of the acceleration of G, i.e., the component of 
aa in the direction of Vo 

From Goodman transformation equations (J. Hirschhom [7], pp.l23) in the fonn 
applicable to mechanisms with a rotating input link, 

a,=a^„+^ai (2.4.3) 

(«(;),=(/;..),+—«,• 

to, 

where, a/ = angular acceleration of the link /. 

a,. = angular acceleration of the input link /. 

a^., = angular acceleration of the link I obtained from an auxiliary 

analysis based on actual velocities but with zero input accelerations. 

(U; = angular velocity of the link /. 

18 ^ ■ 


(2.4.4) 


acceleration 



( 0 - =aiigular velocity ofthe input link /. 

((/(,.), = component of acceleration in the direction of vy, . 

(a^.„ ), = component of acceleration a^; in the direction of v^,. from the auxiliaiy 
acceleration diagram. 

The method of solution involves the construction ofthe velocity diagram and ot 
the auxiliary acceleration diagram, based on the actual velocities and an arbitrarily 
assumed zero input acceleration. 

The velocity diagram is constructed as shown in rig.2.4.2. 




Figure 2.4. 2 : Velocity Diagram of a 4R Mechanism. 
From equations (2.2.2), (2.2. 3),(2.2.4) and (2.2.5), 




/,sin( 6 ), 
sin(04 -63) ■ 


and 


/, sin( 0 , - 04 ) 
/, si njOj - O 4 ) 
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From fig. 2.4.2, 



The auxiliary acceleration diagram is constructed as shown in fig. 2.4.3, 


Direction of 



^ 1 (^BA l#r 


Figure 2.4.3 : Auxiliary Acceleration Diagram of a 4R Mechanism. 
From fig. 2.4.3, 

iaj„=h(0^ 

aK =li&l 
ah = ah-, 
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a;' = 


But from the Goodman transformation equations (2.4.3) and (2.4.4), witli /= 
Link 2; 

2, yield: 

w, 

a, =a,„ +—=-«, =a, 

£0, 

(2.4.5) 

Link 3: 


w, 

! a, =a +-^a, 

! ' (u, ■ 

(2.4.6) 

1 =«3),+^a, 

1 oj2 

(2.4.7) 

Link 4: 


CO, 

a^=a +~a., 

; ■' CD, ■ 

' 

(2.4.8) 

I The corresponding time rates of change of kinetic energy are: 

For link 2: J^j,a) 2 a 2 


For link 3 : m, v^,., ), + 


For link 4: 


Equation (2.4.2) becomes. 


clT 

— = J„.03^a. + /;2,v,,.,(£/,j3), + Jaiao^a^ + ^4«4«4 
(it 

(2.4.9) 

The power input of the force system in the phase considered is. 

1 

= M2CU2 + A^4<U4 + (^f2), VG2 + (ffj), Vg, + ((TJ,V^4 

(2.4.10) • 

ttj ^® ®''^luated by equating equations (2.4.9) and (2.4.10). 

From equations (2.4.6) and (2.4.8), we can evaluate the value of a_, and 

■ ■ !:■ 

' ■ '■ ' ' ! 

■ ■ ■ ■ f 

■ ' , ; ■ ■ ' 1 

. ' ' '1 

'' • ' 2 i 

/' 2,' 

' E' 
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2.5 Balancing 

In order to fully force balance linked mechanisms, it must be possible to make the 
total center of mass of such mechanisms stationary. This is usually accomplished with the 
help of appropriately chosen counterweights. The total elimination of the shaking 
moment on the ground in such fully force balanced mechanisms is generally only 
possible by the introduction of counter-rotating disks and, possibly, by giving the floating 
links the shape of physical pendulum [8]. 

1 ) Force Balancing 

When completely force balanced, the vector sum of the forces acting on the frame 
is zero. This is accomplished by making the total center of mass for the mechanism 
stationary [6]. Figure 2.5.1 shows a 4R mechanism 
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Figure 2.5.1 : Force Balancing of a 4R Mechanism. 
Infig.2.5.1, . ‘ 

/«; = mass of the /-th link where / = 2,3,4. 

Gj =location of the C.G. of the /-th link. 
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d j — distance ol (/, (rom a kinematic pair as indicated in fig. 2.5. 1 . 

Let (t be (he center of mass for the system of moving links and let d(i define the position 
of'C/ with respect to origin O 2 . 






where A/ is llie total moving mass of the system. 


(2.5.1) 


(2.5.2) 

i=i 

where d / is the vector from the tail of the link vector I jio the center of mass of the /- th 
link. 

From fig. 2.5.1, 

d, = 


Upon substitution of above equations, with rearrangements, equation (2.5.2) becomes, 

Az/d,; = + /, ) . (2.5.3) 

the governing loop closure equation is, 

/*, + A, = /j + /"^ _ 

or 7, + - /J - = 0 

+//®’ =0 

or =-(/,/'^ +/,-//®^). 

h 

Substitution of the above equation into equation (2.5.3) gives, 


Md, = 


m, + inj^ 

*3 


le- ' + 




131^3 


JO 4 


+ 


mj^ + ni^d^ 

h 


( 2 . 5 . 4 ) 



which is of ihe form 


A/d,,. = At-''*'-’ + + C . 

IfA = B = 0, 

Mda is constant, meeting the criterion required for complete force balance. 
When A = 0, we obtain 

= nud[ ^ 

- - h 

and 7:. = 7.^ 

When B = 0, we obtain 


m,d, 


= 


h 

h 


(2.5.5) 

(2.5.6) 

(2.5.7) 


and 7^=73+71. (2.5.8) 

Since the center of mass of the entire mechanism is kept stationary, full force 
balance is maintained by adding counter-weights regardless of variation in input speed. 
Figure 2.5.2 shows the counter-weights and its position for 4R mechanism. 
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Figure 2.5.1 : Force Balanced 4R mechanism. 
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I licic aic two constraints on the selection ofcountcr-weight position and mass: 
Constraint 1 : 

= tn.ci'.e'' ' + in]d]e^ 


{m .d jf + -2/H.J.w}JJcos(y . -yp (2.5.9) 


and 


y* = tan 


m -d . siny^. - m°.d° sinyj 
nijd- cosy ■ - ndjdj cosy J 


(2.5.10) 


where 

iii.,dj,Y I arc the parameters obtained from the equations (2.5.5), (2.5.6), (2.5.7) 
and (2.5.8) 

iii",d".,y". arc the parameters for the unbalanced linkage 
;»*,Jt,y * are the parameters for the counter-weights. 

Constraint 2: 

itij = m] + m* (2.5.1 1) 

required only in cases when both fixed pivot links are chosen to receive counter-weights. 

2) Shaking Moment Balancing 

Balancing of force ensures a zero vector sum of the inertial forces acting on the 
fixed link supports but will not provide zero forces at individual supports. The resultant 
of these forces results in a pure time-varying couple known as the shaking moment. 
Hence it is desirable for complete balancing of linkages, that both force and shaking 
moments be reduced to zero [9]. 
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Figure 2.5.3 shows a 4R mechanism for shaking moment balancing. 



Figure 2,5.2 : Shaking Moment Balancing of 4R Mechanism. 


Shaking moment of a force balanced 4R mechanism is given as [ 6 ], 

M,='^Kp] + K(rA+x,dX (2.5.12) 

where, 

Kj=-mj{k:+dj-t,diC0SYj) 

K = -Inijl^dySmy^ 

T, = sin( 0 , - 63 ) 
fj =( 02 - 0 ,)cos( 0 , - 0 ,) 

If we add the effects of two inertia counterweights I 2 * * and 4 * * geared to the input and 
output links as shown in fig. 2.5.3. 
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Then equation (2.5.12) becomes. 


S p i 2^2 ^ 2^2 K'6-, + ( 4*04 , 

i 2 

The shaking moment can therefore be made to reduce partially if 

^2 ~ ~^2 ~ 2 ~ '”2(^2 + ‘^2 cosy,)+ sin 7, sin(0, -0j) 

/;* = -A'4 = mjyk; + d; -l^d^ cos 74) 

Partial shaking moment will be, 


(2.5.12) 


Wv = Z^A+^(rA). 


(2.5.14) 


Full shaking moment balance can be achieved if, 

(i) the center of mass of the coupler lies' on the line connecting the hinges A 
and B i.e.,7, = 0 or A = 0 , and 


(ii) Ki = 0 or = J,!/, - J,) i.e. coupler is a physical pendulum with ly = 2dj. 


• Effect of Moment Balance on Input Torque 

1^ ife 4c ifc ^ 

The added counterweights h and A effectively double the inertial contributions 
of the input and output links. The input torque itself is not doubled, however. The input 
torque of the linkage is given by [10], 




02 , 


(2.5.13) 


where, 

d^.^ is the velocity of center of mass Gj 

c/f;. is the acceleration of center of mass G/. 

From the above equation we can evaluate the required turning moment at the crank. 
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2.6 Numerical Examples and Results 

Computer programs in C language have been developed for solving the problems. 
This section illustrates some examples giving the results generated by those programs. 

a) Kinematic Analysis 

Example: - 

A 4R mechanism having crank length, h = 76.2 mm, coupler length, /, = 30.5mm, 
follower length, I 4 = 152 mm, fixed length, // = 254 mm and rotates at a speed of 100 
rad/sec and an acceleration of 25 rad/secl Determine the following when the crank angle 
varies from 0" to 360 ". 

1) Displacements of the coupler and slider ? 

2) Velocities of the coupler and slider 

3) Accelerations of the coupler and slider. 

The following sample results are shown as : - 

1 ) Displacement of the coupler and follower (fig.2.6. 1 ) 

2) Velocity of the coupler and follower (fig.2.6.2) 

3) Acceleration of the coupler and follower (fig.2.6.3) 
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Figure 2.6.1 : Displacements of the Coupler and Follower Vs Crank Angle. 


KINEMATIC ANALYSIS OF 4R MECHANISM 



Figure 2.6.2 : Velocities of the Coupler and Follower Vs Crank Angle. 
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Angular Velocity of the Follower in raci’sec --- 





AngLilar Acceleration d the Coi^jier m rad-^sec2 


KINEMATIC ANALYSIS OF 4R MECHANISM 



Figure 2.6.3 : Accelerations of the Coupler and Follower Vs Crank Angle. 
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Anguiar Acceleration of the Follower m ratisecE 




b) Dynamic Force Analysis 


Example: - 

A 4R mechanism having crank length, E = 76.2 mm, coupler length, /? = 305 
mm, follower length, I 4 = 152 mm, fixed distance, // = 254 mm and rotates at a speed of 
100 rad/sec and an acceleration of 25 rad/sec^. Crank is having the following data: g 2 = 
25.4 mm, Y 2 = 15^^', my = 0.125 kg, k 2 = 23 mm, Fj = 5 N, p 2 = 10“. Coupler is having the 
following data: g.? =102 mm, y,? = 14", nis = 0.25 kg, kj = 1 14 mm. Fi = 10 N, (3j = 20”, A-/.? 
= 2.5 N-m. Follower is having the following data: g 4 =102 mm, y.? = 15", >114 = 0.125 kg, 
lu = 73 mm. F.# = ION, ^4 = 10", M 4 = 2.5 N-m. Determine the following when the crank 
angle varies from 0" to 360 ”. 

1 ) Required turning moment at the crank, M2. 

2) Reaction at the hinge O2, P02. 

3) Reaction at the hinge A, Pa- 

4) Reaction at the hinge B, Pb. 

5) Reaction at the hinge O4, P04. 

Results are shown as: - 

1) Required turning moment at the crank i.e. M2 (fig.2.6.4). 

2) Reaction at the hinge 02i.e., P02 (fig.2.6. 5) 

3) Reaction at the hinge A i.e., Pa (fig.2.6. 6) 

4) Reaction at the hinge B i.e., Pb (fig-2.6.7) 

5) Reaction at the hinge O4 i.e., Po4(fig.2. 6.8) 

I 
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Reaction at Hinge 02 in N--V (l|' Required Turning Moment at the Crank in N-m 


DYNAMIC FORCE ANALYSIS OF 4R MECHANISM 



re 2.6.4 : Required Turning Moment at the Crank Vs Crank Angle. 


DYNAMtC FORCE ANALYStS OF 4R MECHANISM 



Crank Angle in Degrees > 


Figure 2.6.5 : Reaction at the hinge O 2 Vs Crank Angle. 
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Reac^ron at Hinge B m N 


DYNAMIC f OfiCE ANALYSIS OF 4R MECHANISM 



Figure 2.6.6 : Reaction at the hinge A Vs Crank Angle. 


DYNAMIC FORCE ANALYSIS OF 4R MECHANISM 



Figure 2.6.7 : Reaction at the hinge B Vs Crank Angle. 




Readjon ai Hinge 04 in N 


DYNAMIC FORCE ANALYSIS OF 4R MECHANISM 



Figure 2.6.8 : Reaction at the hinge O 4 Vs Crank Angle. 
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c) Dynamic motion analysis 


Example: - 

A 4R mechanism haying crank length, I 2 = 76.2 mm, coupler length, /? = 305 
mm, follower length, [ 4 = 152 mm, fixed length, // = 254 mm and rotates at a speed of 
1 00 rad/sec. Crank is having the following data: g 2 = 25.4 mm, = 1 5", m 2 = 0. 1 25 kg, 
k 2 = '2-2 mm, M 2 =0.5 N-m. Coupler is having the following data; g} =102 mm, yj = 14", 
ffij = 0.25 kg, kj =114 mm. Follower, is having the following data: m 4 = 0.125 kg, gj 
=102 mm, 74 = 15", k 4 = 73 mm. M 4 =0.5 N-m. Determine the following when the crank 
angle varies from 0" to 360”. 

1) Acceleration of the crank. 

2) Acceleration ofthe coupler. 

3) Acceleration of the slider. 

Results are shown as: - 

1 ) Acceleration of the crank (fig.2.6.9) 

2) Acceleration of the coupler (fig.2.6.10) 

3) Acceleration of the follower (fig.2.6. II) 
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Angular Acoeleralion the CoLp^er in rad/sec2 **-*-> Angular Acceleration d the Crank in rad,*sec2 


DYNAMIC MOTION ANALYSIS OF 4R MEGHAN iSM 



Figure 2.6.9 : Acceleration of the Crank Vs Crank Angle. 


DYNAMIC MOTION ANALYSIS OF 4R MEGHAN ISM 



Figure 2,6.10 : Acceleration of the Coupler Vs Crank Angle. 
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Angular Accelera! on of the foltowenn rad.^.ec2 - 




d) Balancing 


Example: - 

A 4R mechanism having crank length, E = 76.2 mm, coupler length. If = 305 
mm, follower length, = 152 mm, fixed length, // = 254 mm and rotates at a speed of 
100 rad/sec and an acceleration of 25 rad/sec'.Crank is having the following data: = 
25.4 mm, x? = 15", m 2 = 0.125 kg, k 2 = 23 mm. Coupler is having the following data: gf 
=102 mm,y.} = 14", m_f = 0.25 kg. A',; =114 mm. Follower is having the following data: >114 

= 0.125 kg, g 3 =102 mm, y 4 = 15", k 4 = 73 mm. Determine the following when crank 

1 

angle varies from 0" to 360 ". 

1 ) Counterweights and its position i.e. my'dj*, m 4 \l 4 * and ji ,yA* . 

2) Moment of inertia of counterweights for shaking moment balance i.e. /->** and 

c. 

3) Shaking moment before and after moment balance i.e. complete shaking 
moment and partial shaking moment. 

4) Required input turning moment after force and shaking moment balance. 


Results are shown as: - 

1) Counterweights and its position and its moment of inertia i.e. w/rC’* w/r//, 
72 ,74 , h and U (table .2.6.1) 

2) Shaking moment before.and after moment balance (fig.2.6.1 2) 

3) Required input turning moment after force and shaking moment balance 
(fig.2.6.13) 


Table 2.6.1 


mid^ 
in kg-m 

nu (I 4 

in kg-m 

* 

72 

in Degrees 

n 

in Degrees 

. .. 

h 

in kg-m' 

in kg-m^ 

0.0044 

0.0072 

168.6691“ 

190 . 3510 ” 

0.0003 

0.0007 
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Shakmg Moment in N*m 


BALANCING OF 4R I^CHANISM 



Figure 2.6.12 : Shaking Mometit Vs Crank Angle. 


BALANCING OF 4R MECHANISM 



Figure 2.6.13 : Required Turning Moment at the Crank Vs Crank Angle. 
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Chapter 3 

3R-1P Mechanism 


3.1 Introduction 

The 3R-1P mechanism is perhaps the most important single mechanism in 
engineering, being basic to the vast majority of internal - combustion engines, steam 
engines, compressors, pumps, mechanical presses and punches, and a host of other 
machines. The 3R-1P mechanism converts the reciprocating motion of a slider into a 
rotary motion of the crank or vice-versa [7]. 

The geometry of the 3R-1 P mechanism and the position of the mechanism at any 
instant in time, the relationship between the slider force and the slider displacement, and 
the speed of the crank, all altcct the forces acting on various parts of the mechanism. 

In this chapter we are going to discuss the dynamic force and motion analysis of 
3R-1P mechanism. In dynamic force analysis we calculate the forces on various members 
of a mechanism for a known input motion which is usually determined by 
experimentation or analytical prediction based on kinematic analysis whereas for 
dynamic motion analysis we calculate the motion of various links of a mechanism for a 
given forces on the mechanism [5]. 

3.2 Kinematic Analysis 

A 3R- I P mechanism for Armewflwcanfl/yjtw is shown in fig. 3.2.1 . Link 2 (O 2 A) is 

the input crank, link 3 ( AB) is the coupler, link 4 at B is the slider and I, is the offset 
di.stance [1]]. 
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Figure 3.2.1 : Kinematic Analysis of 3R-1P Mechanism. 


Using the symbols explained in fig. 3.2.1, 
the governing loop-closure equation is given by, 

/, + = 7 , + 7 , 

or = 0 

Equating the real and imaginary parts of the above equation separately to zero, 

/, cosO, - /, COS0, - cost), + = 0 

and /, sin 0 , -/jSin^, -/,sin 03 =0. 

By putting 0, = -7r/2, we get, 


(3.2.1) 


we get. 


(3.2.2) 
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and = /, COS0, + /, cos0, . 

Differentiating equations (3.2.2) and (3.2.3) with respect to time, 


(3.2.3) 



^ I^cosO 2 '' 

^ /, COS0, ^ 


and /, = -l^O^ sin0, - /jd, sin0, . 

Again differentiating equations (3.2.4) and (3.2.5) with respect to time, 

_ r sinO, + /,0\~ s inpT - /,t), cos0, ^ 

V /jCosG, ^ 

and I = -/,/9, sin0, - l^B' cost), - A0, sinQ, - cosO, . 


(3.2.4) 

(3.2.5) 

(3.2.6) 

(3.2.7) 
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3.3 Dynamic Force Analysis 

In clynaniic force (tnalysis, the motion is usually known either by experinientation 
or analytical predictions based on kinematic analysis, the driving torque and the reaction 
in kinematic pairs arc to be determined. Also we can calculate for a given torque M , 

[5]. Figure 3.3.1 shows an offset 3r-lp mechanism. The kinematic pairs are assumed to 
be friction less. 



Figure 3.3.1 : Dynamic Force Analysis of 3R- IP Mechanism. 

Infig.3.3.1, 

/«. = mass of they-th link where / = 2,3,4 
= location of the (^.G. of the /-th link. 
d j = distance of Gy from a kinematic pair as indicated in fig. 3.3. 1 
F. = external force acting on they-th link at an angle of to the ^-axis at a 

point with local coordination (Hy.vy). • 

F. ^ = A-component of F/. 

Fj^.= K-component of /'y 
M ■ ^ external moment on y-th link. 
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Pk.x = force exerted at the hinge K in the .v-direction where AT = A, B 
Pk.}' - force exerted at the hinge K in the^’-direction. 

A- . = centroidal radius of gyration of the./-th link. 

, = force exerted on the /-th link by the /-th link in the .v-direction 
Pij ^ = force exerted on the./-th link by the /-th link in they-direction. 
where, i = 1,2,3 ,4 

The dynamic equations for each link can be obtained as discussed below : - 

1. Crank:- 

Refer to fig.3.3.2 as the free-body-diagram of the crank, 
with /= 1,3 ,./ = 2,A' = 02 ,A. 
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Figure 3 . 3.2 ; Free-Body-Diagrara of the Crank for Force Analysis. 
From fig. 3.3.2, 

and y, = (/, - )sin 02 - 
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Equations of motion (or the crantc are. 




^ I 

0 1 

()■ 






0 

1 0 

1 ■ 

h)2,v 

= m , 

(J,-, ' 

A'/, ^ 


sin(0, +y,) 

-J, cos(a, + 7 ,) -js 

.V, 

i 


(t2,r 

P2^2 


A 



Figure 3.3.3 : Diagram of the Crank for Acceleration Analysis. 

Various components of acceleration of Gj are explained in fig. 3.3.3 and the 
superscripts n, t refer to nomial and tangential components, respectively. 

From fig. 3.3.3, 


=<^^”;2cos(0, +y,)+«g, sin(f^, +y,) (3.3.2) 

and , = a''., sin(f), + y , )-^4, cos(02 4-yj} (3.3.3) 

where , 0^,2 = (LOy- 

Using equations (3.3.2) and (3.3.3), the right hand side of equation (3.3.1 ) turns out as. 




£/,6>2 cos( 9 , +72) 


rf,sin( 02 + 72 ) 

0 

o' 

A' 


> = 1112 ' 

sin(02 + 72 ) 

> + /«2 

-r/2cos(02 + 72) 

0 

0 

‘ 0 , 



0 

J 


. v' ki 

0 

0_ 

'A 
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2. Coupler:- 

Refer to fig.3.3.4 as the free-body-diagram of the coupler, 
with / = 3, K = A, B. 



From fig. 3.3.4, 

.V , = i/, sin (03 + 73 

=£/3COs(0,+73 -37r/2) 

-’ffl =/rCOs( 7;-03 +47r) 

and yB = /a sin{y; - 03 + 4;r ) . 
Equations of motion for the coupler are. 









p 

Pi t. 





■-1 

0 

1 

0 ‘ 



^0'3..v 


> + 

0 

-1 

0 

1 


Pn.. 

> = 

««3.v ^ 











(3.3.5) 
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B 

Figure 3.3.5 : Diagram of the Coupler for Acceleration Analysis. 


From fig. 3.3.5, 




(3.3.1) 


and (3.3.2) 

where = ^2(^2 cos(02 +7,)+/262 sin(0 , +y,) 

and = ^2(^2 sii'>(02 ■*‘F2)~^2(^2 cos(02 +72) 

I 

..t, V = cos(2;r - Sj - 7., ) + K'l ■ sin( 27 r - 0, - 7, ) 

and a(;VM.r =-<.v'^sin(2;r -0,-73 

^a^iA ~ ^ 3^3 ' ^a3iA ~^3^3 • I 

Using equations (3.3.6) and (3.3.7), the right hand side of equation (3.3.5) turns out as. 





//A" cos(02 +.73 ) + f/,0,' cos(2;r - 0, - 7, ) 

///■^ ^ 



Ij}^ sin(02 + 72 )- sin(2n: - 0, - 7, ) 




0 
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(3.3.8) 



/, sin(0, + ) 

r/, sin(27r -0, -y.,) 

o' 

gV 

4- m. 

-/, cos(0, +y, ) 

r/, cos(2;r -0., -y.,) 

0 



0 


0_ 

4 


3. Slider;- 

Refer to fig.3.3.6 as the free-body-diagram of the slider, 
with ./ = 4, AT = B. 








F, 






' n 



Figure 3.3.6 : Free-Body-Diagram of the Slider for Force Analysis. 


Equations of motion for the slider arc, 

and F;.>. =/";• 

C ombining all equations (3.3.1 ), (3.3.5) and (3,3.9) one can write, 

{f}+[p]|p} = |//) 

where , 


(3.3.9) 


(3.3.10) 
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But from equations (3.3.4), (3.3.8) and (3.3.9), 

{/f}={(/}+[;i]{0}, (3.3.11) 

where,' . ■ , : 
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/;? cos( 0 , + 7 , ) 
m.iLB; sin{ 0 , + 7 , ) 


UjX- 
^U i- 


0 

cos(0, + 7: ) + cos(2;r - 0, - 7 ., ) 

/h/, 0; sin(0, + 7 . ) - ff¥l,9; sin(2;r - e_, - 7 , ) 
0 


0 


[ 1 ] = 


flh 


m, 


^/, sin(0T +7,) 0 0 

- d, cos(0, + 2,3 ) 0 0 
A',- 0 0 

/3sin(03+73) J,sin(0, +7,) 
- A cos{0^ + 7, ) dy cos(0, + 73) 
0 

w ^[0 0 1] 


^3 


0 

0 

0 



From the above equation (3.3.10) we can evaluate the driving torque and the hinge 
reactions i.e. and Ptr_-’f^,f>Pif>Po 4 given motion and external forces. Also we can 

evaluate for a given torque Mj. 
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3.4 Dynamic Motion Analysis 

In dynamic motion analysis^ the motion behaviour of each nicnibcr of a 
mechanism is to be determined for prescribed input force and moment and instantaneous 
velocities. 1 he Ratc-of~change-of-energy Method is used for the motion analysis. It is 
based directly on the instantaneous energy balance [5]. 

a) Dynamic Motion Analysis without friction 

Figure 3.4.1 shows a 3R-1P Mechanism. The kinematic pairs are assumed to be 
frictionlcss. 


A <^3 



Figure 3.4.1 : Dynamic Motion Analysis of3R-lP Mechanism without friction. 


In fig. 3.4.1, 

/«. = mass of the,/-th link where ; = 2,3,4 
Gy = location of the C.G. of they-th link. 

d. = distance of G; from a kinematic pair as indicated in fig. 3.4.1 

/fy - centroidal radius of gyration of they-th link. 

4F/ = weight of they-th link. 

:0inwL uBwir 

ILT. KMMM 
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The total K.E. of a mechanism can be expressed as. 


1 ■» 1 1 1 T/"’ ^ r 2 


(3.4.1) 


The time rate of change of the total kinetic energy of the mechanism is equal to the power 
input of the force system acting on it. 

It is expressed mathematically by, 


d]^ 

dt 



■S ./ / 

+ Z + Z («c ), + Z 


(3.4.2) 


From Goodman transformation equations (J.Hirschhom [4], p.l23) in the form applicable 
to mechanisms with a rotating input link, 

CO, 

«/=«/»+—«/ (3.4.3) 

CO. 

("c;); =(V)' (3.4.4) 


where, a, = angular acceleration of the link /. 

tt; = angular acceleration of the input link i. 

ot^„ — angular acceleration of the link / obtained from an auxiliary acceleration 

analysis based on actual velocities but with zero input acceleration. 

CO, = angular velocity of the link /. 

CO, =angular velocity of the input link /. 


- component of acceleration a,, in the direction of V . 

<7 ’ 

(cc,.„ ), = component of acceleration a,, in the direction of from an auxiliary 
acceleration diagram. 

The method of solution involves the construction of the velocity diagram and of 
an auxiliary acceleration diagram, based on the actual velocities and an arbitrarily 
assumed zero input acceleration. 
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The velocity diagram is constructed as shown in fig. 3.4.2 


a' 



Figure 3.4.2 : Velocity diagram of 3R-1P Mechanism. 


From the equation (3.2.2), (3.2.4) and (3.2.5), 


0, = -sin' 


/, +/2sin0. 


V 




O3 = to 3 = —Ot 


cosO, ^ 
yl, cosO.j 


and = -I^e^ sinO, sinOj 

From fig. 3.4.2, 


V -_2i. 


cosy. 


\^2 J 


v,,,=o'g.;=o'A'+//g; 


.■. V 


(;2 


M cos(7r/2-(() - y'j) 


The auxiliary acceleration diagram is constructed as shown in fig. 3.4.3, 


(3.4.5) 


(3.4.6) 
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Directim of 



Figure3.4.3 : Acceleration diagram of3R-!P Mechanism. 


From fig.3.4.3, 

=//!); 

= ogy. = oa + ag^ 

•• "o! ~ - 2(r/ , )„ (ag, )cos(i// + 7 , ) 


(< 3 ); =0^2 =o^.v-g,^j 




(a.i )„ sin0, - (r/^., )„ sin <|> cos^ 

COS<j) 


(X 

■ 3 " ~ » 

‘■3 


(3.4.7) 


(3.4.8) 


(3.4.9) 

(3.4.10) 


54 



liiil Ironi llic Cioodinan liaiislbrmalion cqualioiis (3.4.3) and (3.4.4), wilii /=3, yield; 
Link 2: 


ro, 

a, - a + =a. 

CO., ■ 


Link 3: 


OJ, 

=a +— a, 

0 ), 


(3.4.11) 


(3.4.12) 


(3.4.13) 

w2 

Link 4; 

a^=al+—a., ■ (4.4.13) 

(O2 ' 

The corresponding time rates of change of kinetic energy are: 

For link 2: 

For link 3: /» 3 V(;,(c/^;,), + 

For link 4: 

The equation (3.4.2) becomes, 
dT 

— = Jo^cxha^ + wdV,3(«^,.,), + + nuv^a^ (3.4.14) 

(U 

The power input of the force system in the phase considered is, 

= (3.4.15) 

aj can be evaluated by equating the equation (3.4.15) and (3.4. 16). 

From the equation (3.4.12) and (3.4.14), we can evaluate the value of a , and . 
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b) Dynamic motion Analysis with friction 

The effect of friction in hinged joints is negligibly small, whereas that of sliding 
connections may be quite appreciable. Consideration of friction is thus complicated by a 
feedback effect: while the friction forces are a function of the accelerations, they 
themselves affect the accelerations by virtue of their power input, which is equal to the 
negative product of the force magnitude and the relative speed of the moving parts [7], 
Figure 3.4.4 shows a 3R-1 P Mechanism. 



Figure 3.4.4 : Dynamic Motion Analysis of 3R-1P Mechanism with friction. 

Infig.3.4.4, 
m.-- 

dy= 

W. = 
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= mass of the,/-th link wherey = 2,3,4 

- location of the C.G. of they-th link. 

: distance of C/ from a kinematic pair as indicated in fig. 3.4.4 

centroidal radi us of gyration of the /-th link. 

= weight of the /-th link. 

= inertial tuming moment of they-th link 




F‘;. = inertial force of the /-th link. 

~ 1101 nial component of inertial force of the /-th link. 

)i ~ component of inertial force in the direction of Vf.. of the/-th link. 

P^i — noimal force exerted on the /-th link by the /-th link, 
where, superscript / represents the inertia , 

/ = 2,3,4. = 02,A,B. 

From the equations (3.4.15) and (3.4.16), 
clT _ , 

= F,V4 4- 

After equating these equations, 

«2=/(Z^'^) (3.4.16) 

Since the static loads and the normal components of the inertia forces are independent of 
the input acceleration, while the inertia torques and tangential components of the inertia 
forces are linear functions of it, and the frictional power loss A^;f?are also linear 
functions of , 

= ficii) (3.4.17) 

The normal side reaction 7^4 is determined by considering the equillibrium of the 
subassembly consisting of the coupler and the slider and taking moment about A as 
shown in fig.3.4.4. 

The power input of the force system in the phase considered without friction is, 

. . ' '■ "r ■ ■ 

Zp,. =ev, +(»',), Vo, +(»■,), (3.4.19) 
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By plotting the equations , 

a,=f(Zf>) 

and 



( 3 . 4 . 20 ) 

( 1 ) 

( 2 ) 


Figure 3.4.5: Acceleration of the Crank Vs Power input of the system. 

I' 

a, is obtained graphically, at the intersection of two lines, as Shown in fig. 3.4.5, 
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3.5 Numerical Examples and Results 

Computer programs in C language have been developed for solving the problems. 
This seetion illustrates some examples giving the results generated by those programs. 

a) Kinematic Analysis 

Example: - 

A 3R--1P mechanism having crank length, A = 76.2 mm, coupler length, /j = 
305mm, offset distance, // = lOmni and rotates at a speed of 100 rad/sec and an 

acceleration of 25 rad/sec^. Determine the following when the crank angle varies from 0" 
to 360“. 

1) Displacements of the coupler and slider 

2) Velocities of the coupler and slider 

3) Accelerations of the coupler and slider. 

The following sample results are shown: - 

1 ) Displacement of the slider (fig.3. 5.1) 

2) Angular displacement of the coupler (fig.3. 5.2) 

3) Velocity of the slider and coupler (fig.3.5.3) 

4) Acceleration of the slider and coupler (fig.3.5.4) 
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KINEMATIC ANALYSIS OF 3R-1P MECHANISM 


Crank Angle in Degrees > 


Figure 3,5.1 : Displacement of the Slider Vs Crank Angle. 


KINEMATIC ANALYSIS OF 3R- IP MECHANISM 
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Figure 3.5.2 : Displacement of the Coupler Vs Crank Angle, 





KINEMA tic ANALYSIS OF 3H 1 P MECHANISM 



Figure 3.5,3 : Velocity of the Slider and Coupler Vs Crank Angle. 


KINEMATIC ANALYSIS OF 3R-IP MECHANISM 



Figu re 3.5.4 : Acceleration of the Slider and Coupler Vs Crank Angle. 
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Accelefation of ihe SWorm rn/see2 — 





b) Dynamic Force Analysis 


Example: - 

A 3R- IP mechanism having crank length, h = 76.2 mm, coupler length, /j = 305 
mm, offset distance, 1 / = lOmm and rotates at a speed of 100 rad/sec and an acceleration 
of 25 rad/sec^. Crank is having the following data; g} = 25.4 mm, y: = 1 5'*, = 0. 1 25 kg, 

k 2 = 22 mm, Fj = 2 N, j8j = 10". Coupler is having the following data: =102 mm, y^ = 
14", = 0.25 kg. A'., = 114 mm, F? = 4N,P2=^ 20", M, = 0.5 N-m. Slider is having the 

following data; = 0.125 kg, F 4 = 5 N. Determine the following when crank angle 
varies from 0" to 360". 

1 ) Required tuming moment at the crank, M 2 . 

2) Reaction at the hinge O 2 , P 02 . 

3) Reaction at the hinge A, P. 4 . I 

4) Reaction at the hinge B, F/i. 

The following sample results are shown: - 

1 ) Required tuming moment at the crank i.e. M 2 (fig.3.5.5) 

2) Reaction at th'e hinge O 2 i.e.Fo2(fig.3.5.6) 

3) Reaction at the hinge A i.e. P 4 (fig.3.5.7) 

4) Reaction at the hinge B i.e. F/j (rig.3.5.8) 
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Reaction at tha Hinge Bm N > Reaction at the Hinge A in N 





b) Dynamic motion analysis without friction 


Example: - 

A 3R-1P mechanism having crank length, I 2 = 76.2 mm, coupler length, Ij — 305 
mm, offset distance, // = 10mm and rotates at a speed of 100 rad/sec. Crank is having the 
following data: g 2 ~ 25.4 mm, 72 = 15“, m 2 = 0.125 kg, A; 2 = 23 mm, M 2 =0.5 N-m. 
Coupler is having the following data; gj =102 mm, 7 .? = 14“, ms = 0.25 kg, ks= 114 mm. 
Slider is having the following data: nu = 0.125 kg, F 4 = 5 N. Detennine the following 
when crank angle varies from 0“ to 360 ”. 

1 ) Acceleration of the crank. 

2 ) Acceleration of the coupler. 

3) Acceleration of the slider. 

The following sample results are shown: - 

1 ) Acceleration of the crank {fig-3.5.9) 

2 ) Acceleration of the coupler (fig.3.5.10) 

3) Acceleration of the slider (fig.3.5.l 1) 
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Angular Acoelaration d the Coupler tn rad/sec^ *-»-> A”gLjlar Acceleration d the Crank in rad/secS 


DYNAMIC MOTION AN^YSIS OF 3R-1P MECHANISM WITHOUT FRICTION 



Figure 3.5.9 ; Acceleration of the Crank Vs Crank Angle. 


DYNAMIC MOTION ANALYSIS OF 3R-1P’MECHANISM WITHOUT FR ICTION 
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Figure 3.5.10 : Acceleration of the Coupler Vs Crank Angle. 
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Acceleraran of the Slider in m/£ec2 


DYNAMIC MOTION ANALYSIS OF 3R-1P MECHANISM WITH FR CTfON 



Crank Angle in Degrees — > 


Figure 3.5.1 1 : Acceleration of the Slider Vs Crank Angle. 





c) Dynamic motion analysis with friction 


Example: - 

A 3R-1P mechanism having crank length, h = 76.2 mm, coupler length, = 305 
mm, offset distance, // = 1 0mm and rotates at a speed of 1 00 rad/sec. Crank is having the 
following data: g: = 25.4 mm, y> = 15", in 2 = 0.125 kg, k > = 23 mm, =0.5 N-m. 

Coupler is having the following data: gj =102 mm, ys = 14", m 3 ~ 0.25 kg. A'.? =114 mm. 

r 

Slider is having the following data: nu = 0.125 kg, F 4 = 5 N, The coefficient of friction 
j-i = 0.3. Determine the following when crank angle varies from 0"to 360". 

1 ) Acceleration of the crank. 

2) Acceleration of the coupler. 

3) Acceleration of the slider. 

The following sample results are shown: - 

1 ) Acceleration of the crank (fig.3.5. 12 ) 

2) Acceleration of the coupler (fig.3.5. 13) 

3) Acceleration of the slider (rig.3.5. 14) 
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Angular Acceleration d the Coupler in rad/sec2 Angular Acceleration of the Crank in rad/sec2 


DYNAMIC MOTION ANALYSIS OF 3R-1P MECHANISM WITH FRICTON 



Figure 3.5.12 : Acceleration of the Crank Vs Crank Angle. 


I 

DYNAMIC MOTION ANALYSIS OF 3R-1P MECHANISM WITH FRICTION 



Figure 3.5.13 : Acceleration of the Coupler Vs Crank Angle, 
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DYNAMIC WJOTION ANALYSIS 0F3R-1P MECHANISM WITH FRICTION 



Figure 3.5.14 : Acceleration of the Slider Vs Crank Angle. 
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Chapter 4 

2R-2P Mechanism 


4.1 Introduction 

There are two types of 2R-2P mechanisms, ordinary and crossed. The ordinary 
type is derived from the 3R-1P linkage by replacing the turning connection between the 
coupler and the slider with a sliding pair. Consequently, the ordinary 2R-2P mechanism 
has one member associated with two sliding pairs, two members with one sliding and one 
turning pair and one membei] with two turning pairs. In the crossed type, each link forms 
one turning and one sliding pair. 

Examples of ordinary 2R-2P mechanism are Elliptical TrammeE Scotch-Yoke 
mechanism and Oldham 's coupling and for crossed 2R-2P mechanism is Rupson 's slide, 
occasionally used in the steering of ships [4]. 

Elliptical Trammel is an instrumept used for drawing ellipses. This principle is 
also adopted in the elliptic chuck for the turning of elliptic sections and also in the 
machining and drilling of elliptic holes [3]. 

Scotch-Yoke mechanism is one that will give simple hannonic motion. Its early 
application was on steam pumps, but it is now used as a mechanism on a test machine to 
simulate vibrations. It is also used as a sine-cosine generator for computing machines [4]. 

In this chapter we are going to discuss the dynamic force and motion analysis of 
2R-2P mechanisms. In dynamic force analysis we calculate the forces on various 
members of a mechanism for a known input motion which is usually determined by 
experimentation or analytical prediction based on kinematic analysis whereas for 
dynamic motion analysis we calculate the acceleration of various links of a mechanism 
for given forces on the mechanism [5]. 
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4.2 Kinematic Analysis 
1 ) 2R-2P Mechanism 

A generalised 2R-2P mechanism for the kinematic analysis is shown in 
fig.4.2.1.l. Slider B is the input link, link 3 (BA) is the coupler and slider A is the output 
link. 


Y 



Figure 4.2. 1.1 : Kinematic Analysis of a generalised 2R-2P Mechanism. 

Using the symbols explained in fig. 4.2.1 .1 , 

the governing loop-closure equation is given by, 

/, +/, =/, (4.2. 1.1) 

or /~ +/, -/■ =0 

or /, =0. 

Equating the real and imaginary parts of the above equation separately to zero, we get, 
/i+Z, cost), -/, cos f), =0 
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and /, sin6), - A sind, = 0 . 


From above equations, we get. 


/, = /, COS0J ± -,//,■ COS" 0, + 1 ^ 


and 03=cos' 


21 , 1 , 


Differentiating equations (4.2. 1 .2) and (4.2. 1 .3) with respect to time, 

/, =/, 


^ cos 03 ^ 


cos 


(0=+s,), 


and 


COS03 


Again differentiating equations (4.2. 1.4) and (4.2.1. 5) with respect to time. 


1 ^ 0 ^ + /, COS0, 


/ - *3^3 ‘I 


cos(0, + 0, ) 


and 0, = 


/, sin 02 +/303~sin03 


/j cos 03 



(4.2. 1.2} 

(4.2. 1.3) 

(4.2. 1.4) 

(4.2. 1.5) 

(4.2. 1.6) 

(4.2. 1.7) 
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2) Scotch-Yoke mechanism 

The Scotch- Yoke mechanism for the kinematic' analysis is shown in tig 4.2.2. 1. Ij'nk 2 
(O 2 A) is the input crank, link 3 (A) is the slider and // is the offset distance. 



Figure 4,2.2.1 : Kinematic Analysis of a Scotch-Yoke Mechanism. 

Using the symbols explained in fig. 4.2.2. 1, 
the governing loop-closure equation is given by, 

(4.2.2. 1 ) 

or /| -t- /j -t- = 0 

or 

Equating the real and imaginary parts of above equation separately to zero, wc get, 

/, COS0, + /^ + /j cosa - /, COS0, = 0 

and 7, sinO, +/.sina -/ 3 sin 0 , = 0 . - 

By putting 0, = -n^/2 , we get. 
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4.3 Dynamic Force Analysis 


1 ) 2R-2P mechanism 

In dynamic force analysis, the motion is usually known either by e.xperimentation 
or analytical predictions based on kinematic analysis, the forces at all the kinematic pairs 
are to be determined. Figure 4. 3. 1.1 shows a 2R-2P mechanism. The prismatic pairs are 
assumed to be frictionless. ■ ' 



In fig. 4.3. 1.1. 

//// - mass of they-th link where./ = 2,3,4. 
G. = location of the C.G. of the,/-th link. 
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d ■ - distance of Gj from a kinematic pair as indicated in fig. 4.3. 1.1. 

F- = external torce acting on the./-th link at an angle of to the A-axis at a 
point with local coordination (///.v/). 

F.^ = A-component of Fj, 

F. ,, = y-component of Fj 

F" = normal force on the 7-th link from the fixed link. 

M j = external moment on /-th link. 

Pk.s - force exerted at the hinge K in the .t-direction where A' = B, A 
Pks - force exerted at the hinge K in thej-direction. 
k ! = radius of gyration of the y-th link. 

The dynamic equations for each link can be obtained as discussed below ; - 


1. Slider B:- 

Refer to fig.4.3.1.2 as the free-body-diagram of the slider B, with A' = B and./ = 2 



Figure 4.3.1 .2 : Free-Body-Diagram 
Equations of motion for the slider B are. 


of the Slider B for Force Analysis. 


(4.3. 1.1) 


and Fj ,, = = 0 . 
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or 


F = F" 

•' 2.V ^ 2 * 


2. Coupler: - 

Refer to fig.4.3. 1 .3 as the free-body-diagram of the coupler, 
with a: = A, B and / = 3. 



Figure 4.3. 1.3 : Free-Body-Diagram of the Coupler for Force Analysis. 

From the fig 4.3. 1.3, 

-V, =/,sin(0,+y;-;r/2), 

=/3Cos(0,+y;-;r/2), 

.Ya=<,sin(03-y,-;r/2), 
and y,, = </, cos( 03 -y, -7r/2). 

Equations of motion for the coupler are, 
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A 



B 

Figure 4.3. 1.4 : Diagram of the Coupler for Acceleration Analysis. 

Various components of acceleration of G.? are explained in fig. 4.3. 1.4 and the 
superscripts n, 1 refer to nonnal and tangential components, respectively. 

From fig. 4.3. 1.4, 

~ ^Oi/ B,.t (4.3. 1.1) 

and' a(; 3 .v. =a 5 ,v+« 6 -.v />.>■• (4.3. 1.2) 

where cos(;r -6^ +Y:i)+Ki/A sin(:^ -0, + 73 ) 

and «(; 3 ,^, 3 , =< 3 .Msin{ 7 r -e 3 +y 3 )+<. 3 ,^cos(;r- 03 +yj) . 

Using equations (4.3. 1.3) and (4.3. 1.4), the right hand side of equation (4.3. 1.2) turns out 
as, I 
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(4.3. 1.5) 







> = m./ 


- 0 , +/,) 


'0 

c/j sin(;r -03+7,0 

0' 



-Ox+y..) 

>+> 1^1 

0 

d^cosin +7,) 

0 

5 

0 ^ > 



0 


0 


.^04 . 


3. Slider A: - 

Refer to fig.4.3.1.5 as the free-body-diagram of the slider A, 
with AT = A and / = 4. 



Figure 4.3.1. 5 : Free-Body-Diagram of the Slider A for Force Analysis. 


Equations of motion for the slider are. 


I F;'sin0, -F,,; 
|-F;cos0,-F,, 


1 ("O4COS0J 

UlA.,] '”i«,;4sin0j 


Gombining all equations (4.3. 1 . 1 ), (4.3. 1 .2) and (4.3. 1 .6) one can write, 

{/^}+[C)l{/>}=f;/} 

where , . ^ ’ 


(4.3. 1.6) 


(4.3. 1.7) 
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.1 p t _ J 
(J- i-\ 


/7;sin0^-/r ^ 
- F" cosO, - 


[0] = 


0 

1 

0 

y'B 

0 

0 


0-10 
0-10 
1 0 -1 

>’.4 

0 1 0 

0 0 I 




Pb. 


B.y 


A.x 





m^a 

m^a 

rn^a 


02. X 

(n,\ 

G3.y 


ni^Oyky 



cosO^ 

sin 02 


But from equations (4.3. IJ), (4.3. 1.5) and (4.3. 1.6), 

where. 


(4.3.i.8) 
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-(Lfil cos{n -9y+Yy) 
(1^8; sin(;r - 6 , + 7 , 1 ) 

0 

0 


0 



m, 


nij [1 0 0] 

f/j sin(;r -0, +y,) 
{i^ cos(7r - 03 + 7,0 


0 kl 

0 0 cosOj 

0 0 sinO, 


0 

0 

0 





From equation (43.1.7) we can evaluate the hinge reactions i.e. Pa and P/i for the given 
motion and external forces. 
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2) Scotch-Yoke Mechanism 

In dynuniic Jut ce (iiialysis, the motion is usually known either by experimentation 
or analytical predictions based on kinematic analysis, the forces at all the kinematic pairs 
aie to be deteimined [5]. Figure 4. 3.2.1 shows a Scotch-Yoke mechanism. The prismatic 
pairs are assumed to be frictionless. 



Figure 4.3.2. 1 : Dynamic Force Analysis of Scotch- Yoke Mechanism. 

In fig. 4.3.2. 1, 

= mass of the y-th link where,/ = 2,3,4. 

Cy = location of the C.G. of they-th link. 

d ■ = distance of Gj from a kinematic pair as indicated in fig. 4.3.2. 1 . 

F. = external force acting on the y-th link at an angle of ^ ^ to the Jf-axis at a 

point with local coordination (wypy). 

F. j = A'-component of F/. 

Fj,.= y-component of /■} 


83 



F" = normal force on the /-th link from the fixed link. 

A/ y = external moment on /-th link. 

force exerted on the/-th link by the z-th link in the .v-direction where, 
/■= 1,2,3. ' 

P-j = force exerted on the /-th link by the /-th link in the y-direction. 

Pk.x ~ force exerted at the hinge K in the x-direction where K = O 2 , A 
PK.y - force exerted at the hinge K in they-direction. 
kj = radius of gyration of the /-th link. 

The dynamic equations for each link can be obtained as discussed below : - 

1. Crank:- 

Refer to fig.4.3.2. 2 as the free-body-diagram of the crank, 
with /= 1,3 , /-2,A: = 02, A. 


P = P 



Figure 4.3.2.2 : Free-Body-Diagram of the Crank for Force Analysis. 
From fig. 4.3.2. 2, 

and .v’_7 — (/, -g, )sin0, -f/, siny , cosO, . 
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Equations of motion for the crank are, 

I 0 1 

0 1 0 

f/j sin(0, +y,) -cl, cos{9,+y^) - 




^2.y 

> + 

M 2 



0 

1 


-1 





Pa2,y 




Pa. 

> = 



Kt.r 




(4.3.2.1) 



Figure 4.3.2.3 : Diagram of the Crank for Acceleration Analysis. 


Various components of acceleration of 6% are explained in fig. 4.3. 2.3 and the 
superscripts n, t refer to nonnal and tangential components, respectively. 

From fig. 4.3.2. 3, 


<^o- 2 ..v = cos(0, + 7, ) + sin(03 + y , ) 


(4.3.2.2) 


and = a(';2sin(02 +y2)-ac2cos{02 +73) . 


(4.3.2.3) 


where a, ".3 =(1^9 1, ii[;2 =d29i ■ 

Using equations (4.3.2.2) and (4.3.2. 3), the right hand side of equation (4.3.2.1) turns out 
as, 





(l^O^ cos(03 + 7 , ) 


cl 2 sin((l2 + 72 ) 

0 

o' 


'63 

^2^ 

^G2,y 1 

> = ^2 ^ 

J 3 fi 3 -sin (03 +73) 

> + m2 

-d2 003(63 +7:) 

0 

0 






0 


k^2 

0 

oj 


« 6 - 4 . 
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2. Slider: - 

Refer to lig.4.3.2.4 as the free-body-diagram of the slider, 
with 7 = 3 , a: = A. 



Figure 4.3.2.4 : Frec-Body-Diagram of the Slider for Force Analysis. 


Equations of motion for the slider are. 


j '^3.. + sin« 
[Fj ,, + F" coset 



0 

-1 



COS a 

| sin a 


3.Yoke:- 

Refer to fig.4.3 .2.5 as tin tfee-body-diagram of the yoke, 
J = 4 , K - B. 


(4.3.2.5) 




Figure 4.3.2.5 : Free-Body-Diagram of the Yoke for Force Analysis. 

From fig. 4.3. 2. 5, 

-F^- F" cos{a -nl2) = 

and F/ - F," sin(a - njl) = = 0 . 

By using the above equations, equation (4.3.2.5) becomes. 


[ +^4 sino'/cos(a -n-/ 2)| 

I Fj ,, + F4 cosa/cos(a -7r/2)J 


+ 


-1 0 

0 -1 


A.X 


.4.r 


\m 


jOgj cosa +inj^a,;^ sina/cos{a -7r/2)] 


sin a 


Combining all equations (4.3.2. 1) and (4.3.2.6) one can write. 


M+[0]M=W} 


(4.3.2.6) 


(4.3.2.7) 
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where , 


(f} = < m, 

Fj ^ + F" sin a 
Fyy + COS a 


0 1 0 

1 0 1 

</,cos(fF + 7 ,) -Fj -X., 

0 -1 0 

0 0-1 



But from the equations (4.3.2. 1 ), (4.3.2.4) and (4.3.2. 5), 

l//)=l(/!+[l]j(}!. (4.3.2.8) 

where, 

003(0, + 7 ,) 

/w,c/,O^sin(0, +72) 

{ t /) = ] 0 

0 

0 ' 




1 

0 

[q]= fFsin( 0 , + 7 ,) - 
0 
0 
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(/ , sin(0 . +y ,) 0 O’ 

///. cos{0, + 7 ,) 0 0 
A-; 0 0 

[A]= [0 mucosa ^4 sina/cos(a -:n:. 2)] 
«23[o since o] 



From the above equation (4.3.2. 6) we can evaluate the driving torque and the hinge 
reactions i.e.M, and P 02 , Pa for the given motion and external forces. Also we can 
evaluate for a given torque . 
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4.4 Dynamic Motion Analysis 

In cly'tKtnuc motion cmcilvsis, the acceleration behaviour of each member of a 
mechanism is to be determined for a prescribed input force and moment and 
instantaneous velocities. The Rate-of-change-of-energy Method is used for motion 
analysis. It is based directly on the instantaneous energy balance [5], 

a) Dynamic Motion Analysis without friction 

Figure 4.4. 1 shows a generalised 2R-2P mechanism. 


Y 



Figure 4.4.1 : Dynamic Motion Analysis of 2R-2P Mechanism without friction. 
In flg.4.4.1, 

/H; = mass of lhe>th link where,/ = 2,3,4. 

G - = location of the C.G. of the,/-th link. ' 
d j = <i\stmcQ olGj from a kinematic pair as indicated in fig. 4.4.1 

ff/ = weight of the./-th link. 
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= radius of gyration of the /-th link, 
i'lic total K.li. ofa mochani.sin can he expressed as. 



CO" + 




(4.4.1) 


where, r, s, and / refer to rotating, sliding, and floating links; Jo is the moment of inertia 
of a rotating link about an axis passing through the hinge; Vc the velocity of the C.G. of a 
floating link; and Jo the moment of inertia of the floating link about the axis passing 
through the C.G [5]. 

I 

The time rate of change of the total kinetic energy of the mechanism is equal to 
the power input of the force system acting on it [7]. 


It is expressed mathematically by. 


y P =— = X + y + y ^<; ("(/ )/ + S • 

at 


(4.4.2) 


where, (a o)t is the tangential component of the acceleration of G, i.e., the component of 
U(; in the direction of Kf; 

From Goodman transformation equations (J. Hirschhom [4], p.l23) in the fonn 


applicable to mechanisms with a sliding input link, 

V, 

a,=a..+-^a. 

' V,. 

CO, 

a, =a^„ + — etj 

Vf 


(4.4.3) 


(4.4.4) 


and («f; ), = ), + ^«/ ■ 

where, a, = angular acceleration of the link /. 
u, = acceleration of the \nput link i. 


(4.4.5) 
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=angLiliir acceleration ol the link / obtained (rom an auxiliaiy acceleration 

analysis based on actual velocities but with zero input acceleration. 

(Oj = angular velocity ofthc link /. 

V, = velocity of the link /. 

V; = velocity of the input link i. 

(cif;), = component of acceleration in the direction of . 

= component of acceleration in the direction of from the auxiliary 
acceleration diagram. 

The method of solution involves the construction of the velocity diagram and of 
the auxiliary acceleration diagram, based on the actual velocities and an arbitrarily 
assumed zero input acceleration. 

The velocity diagram is constructed as shown in fig.4.4. 2, 
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(4.4.6) 


'V;, = og^ = oh + hg^ 



The auxiliary acceleration diagram is constructed as shown in fig. 4.4.3, 


Direction of 



a 


Figure 4.4.3 : Auxiliary acceleration diagram of a 2R-2P Mechanism 
From fig 4.4.3, 

{al^),=ho = bg^-og^ 




(4.4.7) 


But from the Goodman transfomiation equations (4.5.3), (4.5.4) and (4.5.5), with /=2, 
yield: 

Link 2; . 


«, = a + — a, = 

V, 


(4.4.8) 
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Link 3: 


(t)^ 

+ — 




(" o -. 0 , =« m ), + — ^<,-2 
2', 


Link 4: 


_ » . 

(l^;^ — Cl^ + Cl(-2 

V-, 



The coiresponding time rates of change of kinetic energy are: 
For link 2: m.ViCid^ 


For link 3: + J„/' 4 ,a, 


For link 4: 

Equation (4.4.2) becomes. 


‘‘I • / ^ / 

— = /n4y/(;. + + m^v^cia^ 

at 

The power input of the force system in the phase considered is, 

Y.P = F2V2+iW,),v,, + W,v, 

aa 2 can be evaluated by equating equations (4.4. 1 2) and (4.4. 13). 

From equations (4.4.9) and (4.4.1 1 ), we can evaluate the value of a, and a ,. , 

.»■ , V (/4 



(4.4.9) 

(4.4.10) 


(4.4.11) 


(4.4.12) 


(4.4.13) 
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b) Dynamic motion Analysis with friction 

The effect of friction in hinged joints is negligibly small, whereas that of sliding 
connections may be quite appreciable. Consideration of friction is thus complicated by a 
feedback effect; while the friction forces are a function of the accelerations, they 
themselves affect the accelerations by virtue of their power input, which is equal to the 
negative product of the force magnitude and the relative speed of the moving parts [5]. 
Figure 4.4.4 shows a 2R-2P mechanism 



Figure 4.4.4 : Dynamic Motion Analysis of 2R-2P Mechanism with triction. 
lnfig.4.4.4, 

m- = mass of the./-th link wherey = 2,3,4. 

G; = location of the C.G. of the y-th link. 

J . = distance of 0/ from a kinematic pair as indicated in fig. 4.4.1 . 

M y = external moment on y-th link 
IF. = weight of they-th link. 
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A' ^ = radius of gyration of the /-th link. 

M[-. = inertial moment of the /'-th link 
= inertial force of the /-th link. 

(F('. )„ =nomial component of inertial force ofthe /-th link. 

( Ff .. )/ = component of inertial force in the direction of of the /-th link, 
where, superscript / represents the inertia. 

From equations (4.4. 1 2) and (4.4. 13), 

clT 

= F,v, + (IF, ), + JFjV, 


After equating these equations, 

(4.4.1) 

Since the static loads and the normal components of the inertia forces are 
independent of the input acceleration, while the inertia torques and tangential components 
of the inertia forces are linear functions of it, and the frictional power loss 
A^A->are also linear functions of a, [7], 

(4.4.2) 

The normal side reaction f;, and /fjs detemhned by considering the 
equilhbrium ot the subassembly consisting of the coupler and the slider and taking 
monients about A and B as shown in fig ^ ^ 

: = ; (4.4.3) 

The power input of the force system in the phase considered without friction is. 
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By plotting equations, 

and 

« 5 • 



Zv- 


Figure 4.4.5 : Acceleration of the Slider B Vs Power input of the system. 


«7 is obtained graphically, at the intersection of two lines, as shown in fig. 4.4.5. 



4.5 Numerical Examples and Results 

Computer programs in C language have been developed for solving the pioblems. 
This section illustrates some examples giving the results generated by those progiams. 

a) Kinematic Analysis 

1 . 2R-2P mechanism 


Example: - 

A 2R-2P mechanism having coupler length, /j = 76.2mm, 6), =60“ and slider B 

moves at a speed of 0.5 m/sec and an acceleration of 0.5 m/sec . Determine the following 
when slider B moves at .r = 0 to .t = /?. i 

1 ) Velocities of the coupler and slider 

2) Accelerations of the coupler and slider. 

The following sample results are shown: - 

1) Angular velocity of the coupler (fig.4.5.1) 

2) Velocity of the slider A (fig.4.5.2) 

3) Angular acceleration of the coupler (fig.4.5.3 ) 

4) Acceleration of the slider A (fig.4.5.4). 
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Velocity of the Slider A in m/sec *-— > Angular Velocity of the Coupler A in rad/sec 


A 


KINEMATIC ANALYSIS OF 2R-2P MECHANISM 
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Displacement of Slider B in m > 


4.5.1 : Angular velocity of the coupler Vs Displacement of the Slider B. 


KINEMATIC ANALYSIS OF 2R-2P MECHANISM 



Figure 4.5.2 : Velocity of the slider A Vs Displacement of the Slider B. 
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Figure 4.5.3 : Angular acceleration of the coupler Vs Displacement of the Slider B. 


KINEMATIC ANALYSIS ANALYSIS OF 2R-2P MECHANISM 



Figure 4.5.4 : Acceleration of the slider A Vs Displacement of the Slider B 
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2. Scotch-Yoke mechanism 


Example: - 

A Scotch-Yoke mechanism having crank length, E = 76.2 mm, offset distance, // 
= 1 0mm, a = 1 20“ and rotates at a speed of 1 00 rad/sec and an acceleration of 25 rad/sec‘. 
Determine the following when crank angle varies from 0" to 360“. 

3) Displacements of the coupler and slider 

4) Velocities of the coupler and slider 

5) Accelerations of the coupler and slider. 

The following sample results are shown: - 

1 ) Displacement of the slider and yoke (fig.4.5.5) 

2) Velocity of the slider and yoke (fig.4.5.6) 

3) Acceleration of the slider and yoke (fig.4.5.7) 
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Velocity of the Slider in 3 Displacemert of the Slider in m 


KINEMATIC ANALYSIS OF SCOTCH-YOKE MECHANISM 



gure 4,5.5 


Displacement of the Slider and Yoke Vs Crank Angle. 


KINEMATIC ANALYSIS OF SCOTCH- YOKE MECHANISM 



Figure 4.5.6 ; Velocity of the Slider and Yoke Vs Crank Angle. 

j 
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Vetoty of t’^-e in ec — ^ D e p aceme.'t of the Yoke in m 




Accele/Btion d the Slider in m,%ec2 


KINEMATIC ANALYSIS OF SCOTCH-YOKE MECHANISM 



Figure 4.5.7 : Acceleration of the Slider and Yoke Vs Crank Angie. 
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Acceleration of the Yoke m rn/«ec2 - 




b) Dynamic Force Analysis 


1. 2R-2P mechanism 

Example: - 

A 2R-2P mechanism having coupler length, /? = 76.2 mm and slider B moves at a 
speed of 0.5 m/sec and an acceleration of 0.5 m/sec^. Coupler is having the following 
data: =25.4 mm, = 1 5", /».? = 0.25 kg, kj = 23 mm, F? = 2 N, /?.? = 10" Sliders are 
having the following data: an = nu = 0.125 kg, F 4 - 2 N. 0, =60", Determine the 
following when slider B moves at .r = 0 to .r = /j , 

! ) Reaction at the hinge A, Pa. 

2) Reaction at the hinge B, P[j. 

The following sample results are shown: - 

1) Reaction at the hinge B (fig.4.5. 8) 

2) Reaction at the hinge A (fig.4.5.9) 
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Reaction at the Hinge A in N - 


DYNAMIC Fa=tCE ANALYSIS OF 2R.2P MECHANISM 



Figure 4.5,6 : Reaction at the hinge B Vs Displacement of the Slider B. 


DYNAMIC FORCE ANALYSIS OF 2R-2P MECHANISM 



Figure 4.5.7 : Reaction at the hinge A Vs Displacement of the Slider B. 
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2. Scotch-Yoke mechanism 


Example: - 

A Scotch-Yoke mechanism having crank length, I2 == 76.2 mm, offset distance, // 
= 1 Omm, a = 1 Kf and rotates at a speed of 1 00 rad/sec and an acceleration of 25 rad/sec\ 
Crank is having the following data: g: = 25.4 mm, 75= 15“, m 2 - 0.125 kg, k 2 = 23 mm, 
F 2 = 2 N, P 2 = 10“. Slider is having the following data: m 3 = 0.25 kg, F 3 = 2 N. Yoke is 
having the following data: 1114 = 01.25 kg, F 4 = 5 N. Detenu Ine the following when crank 
angle varies from 0‘’ to 360". 

1 ) Required turning moment at the crank, M2. 

I 

2 ) Reaction at the hinge O2, P02. 

3 ) Reaction at the hinge. A, Pa. 

^1 ' ' 

The following sample results are shown: - 

1 ) Required turning moment at the crank (fig.4.5. 1 6) 

1 ) Reaction at the hinge O2 (fig.4.5.1 1) 

2) Reaction at the hinge A (fig.4.5.12) 



DYNAMIC FORCE ANALYSIS OF SCO! CH-YOKE MECHANISM 



Crank Angle in Degrees >— -> 


Figure 4,5.8 : Required Turning Moment at the Crank Vs Crank Angle. 


DYNAMC FORCE ANALYSE OF SCOTCH-YOKE WECHANISM 



Crank Angle in Degrees > 


Figure 4.5.9 : Reaction at the hinge O 2 Vs Crank Angle. 
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Rea 






c) Dynamic motion analysis without friction 


Example: - , 

i 

A 2R-2P mechanism having coupler length, A = 398.7 mm and slider B moves at 
a speed of 1 m/sec and Coupler is having the following data: g.? =199.38 mm, yj = 0", ms - 
20 kg, ./(;3 = 0.265kg- m^. Sliders are having the following data: ms = m 4 = 10 kg, 
andO, =90“, force is applied at the slider B having magnitude of 294 N in the direction ol' 
velocity. 

Determine the following when slider B moves at .v = 0 to .v = Is. 

1 ) Acceleration of the slider B. 

2) Acceleration of the coupler. 

3) Acceleration of the slider A. 

The following sample results are shown: - 

1) Acceleration of the slider B (fig. 4.5.13) 

2) Acceleration of the coupler (fig. 4.5.14) 

3) Acceleration ofthe slider A (fig. 4.5.15). 
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DYNAMIC MOTION ANALYSIS OF2R-2P MECHANISM 



Figure 4.5.13 : Acceleration of the Slider B Vs Displacement of the Slider B. 
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Figure 4.5.14 : Acceleration of the Coupler Vs Displacement of the Slider B. 
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DYNAMIC MOTION ANALYSIS OF 2R-2P MECHANISM 



Figure 4.5.15 : Acceleration of the slider A Vs Displacement ofthe Slider B. 
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) Dynamic motion analysis with friction 


xcimple: - 

A 2R-2P mechanism having coupler length, h = 398.7 mm and slider B moves at 
speed of 1 m/sec and Coupler is having the following data: g.? =199.38 mm, y.f ~ 9", w ; = 
[) kg, = 0.265kg- m". Sliders are having the following data: nn = = 10 kg, 

idfl, =90",/./ , = 0.3, 1.1 „ = 0.3, force is applied at the slider B having magnitude of 294 
I in the direction of velocity. 

•etemiine the following when slider B moves at.r = 0 to .r = 0.3 m,. 

1) Acceleration of the slider B. 

2) Acceleration of the coupler. 

3 ) Acceleration of the slider A. 

'he following sample results are shown: - 

1 ) Acceleration of the slider B (fig.4.5.16) 

2) Acceleration of the coupler (fig. 4.5.17) 

3) Acceleration of the slider A (fig. 4.5.18). 



DYNAMIC MOTION ANALYSIS OF 2R-2P MECHANISM WITH FRICTION 



Figure 4.5,16 : Acceleration of the Slider B Vs Displacement of the Slider B. 


DYNAMIC MOTION ANALYSIS OF 2B-2P MECHANISM WITH FRICTION 



Figure 4.5.17 : Acceleration of the Coupler Vs Displacement of the Slider B. 
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Acceleration of the slider A in 


DYNAMIC MOTION ANALYSIS OF 2R-2P MECHANISM WITH FRICTION 
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Figure 4,5.18 : Acceleration of the slider A Vs Displacement of the Slider B. 
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Chapter 5 

Conclusion and Suggestions for Future 
Work 


5.1 Conclusion 

In the present work, a software package for the kinematic analysis, dynamic force 
analysis, dynamic motion analysis without and with friction of four-link mechanisms and 
balancing of 4R mechanism, has been developed. 

With prescribed kinematic dimensions, from this package we , can evaluate the 
displacements, velocities and accelerations of various members of the mechanism for a 
given input motion. The hinge reactions and the driving torque or force can also be 
evaluated for given external forces on the mechanism. In dynamic motion analysis, we 
can evaluate the accelerations of various members of a mechanism for a given input 
motion without and with friction. In case of balancing of 4R mechanism, we can evaluate 
the counterweights and its positions for force balance and moment of inertia of the 
counterweights for the shaking moment balance and also the required turning moment at 
the crank after force and shaking moment balancing have been achieved. This package 
supplements an earlier package developed for kinematic synthesis. 


5.2 Suggestions for Future Work 

The following directions may be taken up to extend the work carried out in the 
present thesis: 
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This work can be extended to include flexible links and / or connections, spatial four- 
link mechanisms and robot manipulators. 

This package should be ported to windows environment, so as to have all the facilities 
and tools of a commercially available software package. 
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